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Foreword

Although the formation of positive ions due to multiphoton
excitation of low-pressure gases is a well documented phenomenon,
and in many instances is well understood, virtually nothing is
known about the formation of negative ions under similar
conditions. The reason for this situation is not because of a
lack of interest in negative ions; indeed, they are some of the
most intensely studied species in molecular physics, and are
responsible for a variety of physical and chemical phenomena.
Rather, the failure to observe negative ions during multiphoton
excitation is because their presence under such conditions seems,
at first glance, quite implausible.

Negative ions are, in the gas phase, relatively fragile
species. They are easily photodetached to form the corresponding
neutral and low-energy electrons; and, since ion-ion
neutralization reactions are extremely rapid, they will react
readily with any positive ions which might be present. Moreover,

to form them usually requires either high gas pressures (to

promote three-body processes necessary for ordinary attachment)

or moderate electron energies (to provide the 2-10 eV necessary
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for dissociative attachment). Viewed with these criteria in
mind, the typical multiphoton ionization environment might seem
to be quite hostile to the generation and survival of negative
ions.

We have observed as a part of this work the formation, under
nearly collision-free conditions, of negative ions from a
variety of precursors when irradiated using a tunable dye laser.
These reactions involve precursors which were specifically chosen
to have negligible dissociative attachment cross-sections for
thermal electrons in the ground electronic state, and so they
represent extremely unfavorable candidates for negative ion
production when compared with molecules such as HI or 03;
nevertheless, we are able to detect the formation of negative
ions with sufficient sensitivity to use both mass and wavelength
resolution to study the processes responsible for their
formation. We conclude that the most important such process is

the dissociative attachment of low-energy electrons (typically

less than 2eV) to molecules in excited electronic states.
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Research Problem

The focus of this project has been to examine the physical
and chemical behavior of small molecules in excited electronic
states in the presence of thermal electrons. The motivation for
this work was dictated by the known properties of negative ion

formation in plasmas: since electron capture to form negative

ions is responsible for plasma instabilities leading to reduced
electron mobility in the plasma, these experiments point toward a

simple and easily modeled method of using laser excitation of a |

E diffuse discharge to control the bulk conductivity of the plasma,
ftf producing a simple, reliable, high-current optically controlled

5 switch. |
?& Major Results

During the present grant period, we have made the following

accomplishments in pursuit of those goals:

: § 1. We have discovered instances of dissociative attachment
.mt of photoelectrons which, because of the energetics of the
{) species involved, we believe to be state-specific. This
E: behavior was observed in NO, soz, and several fluorinated
:kﬁ benzenes. These examples are described in more detail

é% below, and we discuss the evidence that the electron

é? attachment is to an excited electronic state of those

:.ﬂ molecules.

@a

.:? 2. We have determined the specific channels of

:Eﬁ photodissociation and photoionization in carbon disulfide
%J% near 308 nm, demonstrating (a) that resonance enhanced

W features dominate the photoionization spectrum and (b) that
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metastable states of CS are formed by excimer laser

photolysis of the stable molecule Csz' These metastable
states, while not themselves appropriate for dissociative
attachment of electrons, serve as prototypes for metastable
radicals which will attach electrons. These experiments
thus allow us detailed insight into the complex
photophysical and photochemical processes surrounding laser
excitation of stable small molecules which we expect to be
important in laser excitation of plasmas in general. This
work is described below and in the reprints appended to this
report.

3. In work published during the current funding period but
supported under the previous grant, we have determined the
mechanism of photofragmentation of ferrocene, establishing
the state distribution and kinetic energy of the
fragmentation products when this important organometallic
compound is photolyzed by an excimer laser. This work is

described in the reprints appended to this report.

Experimental details

Briefly, this experiment involves allowing molecules to
interact with laser radiation and low energy electrons in a low
pressure reaction region at a constant electric potential. 1In
practice, these electrons have been produced by the multiphoton
ionization of part of the sample. A sample is introduced into
the vacuum chamber using a pulsed valve with up to a 1 mm

aperture and an open time of approximately 1 usec. The backing

} SIS QUL NN
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pressure is ordinarily less than 1 atm, so there is very little
cooling of the sample during expansion; unnecessary cooling of
the sample would lead to undesirable clustering, which would
greatly complicate the interpretation of the results.

About 5 to 10 mm downstream from the nozzle, the sample is
irradiated with the light from a tunable dye laser (Lambda Physik
FL 2002) pumped by a XeCl excimer laser operating at 308 nm
(Lambda Physik EMG 150). A variety of dyes were used, and the
output of these dyes were doubled using an angle tuned
extracavity doubling crystal for coverage through the visible and
ultraviolet spectrum. The laser is directed into the sample
chamber and loosely focused using either a long focal length lens
or a reducing telescope. Power from the dye laser is typically
10 mJ/pulse in the fundamental and 1 mJ/pulse doubled.

The sample chamber was evacuated by a 6 inch oil diffusion
pump with a refrigerated baffle to an ultimate pressure of 10—6
Torr; during the opening of the pulsed valve, the pressure rose
to as much as leo-'6 Torr. We were able to extract either
positive or negative ions from the interaction region and focus
them using cylindrical electrostatic lenses; these were then
mass—-analyzed using a quadrupole mass spectrometer and detected
using an electron multiplier.

Current from the electron multiplier was measured using a
gated integrator, and the output from the gated integrator was
digitized and stored by a microcomputer for subsequent display
and analysis. The same microcomputer also supervised other

aspects of data acquisition such as tuning the dye laser and

B SUANAAN AR EA RS LA ASSON UM IAGNONOSAISC AN SAAOROAE
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2 doubling crystal, opening the gas nozzle, and firing the excimer
;ﬁ laser.

& We were able to confine free electrons to the interaction
tj region by applying a weak magnetic field produced with a small
%L solenoid surrounding this region. This technique, sometimes

f; referred to as momentum filtering, was capable of preventing the
;EE electrons from leaving the interaction region while allowing more
;? massive charged particles to pass through unimpeded. This

ﬂj arrangement allowed us to record a relatively weak signal from
s negatively charged ions without interference from the much

@; stronger electron signal.

y 4 Dissociative attachment of electrons

:ﬁ Formation of atomic negative ions was observed in

}j multiphoton excitation of nitric oxide, sulfur dioxide, and

}é: several fluorinated aromatic hydrocarbons. These will each be
1:3 discussed in turn.

'?s NO. Excitation of NO near 440 nm produces O at wavelengths
Ei corresponding to four-photon ionization of NO, while excitation
E% near 226 nm produces O at wavelengths leading to two-photon

.E ionization of NO. Both of these excitations involve the A’r*

g; electronic state of NO as an intermediate.

'&E The spectrum of NO at 226 nm may conveniently be monitored
3; either by measuring the electron current or by measuring the

‘:g formation of O ions. A comparison of the signals recorded in

{ ) these two ways reveals that the major features of the two spectra
ai are identical; that is, O ions are produced whenever NO

}ﬁ excitation through the §2t+ state leads to ionization.

i
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Four-photon ionization in NO is somewhat unusual, inasmuch
as the strength of the ionization signal depends upon two
resonances accidentally being excited by the same wavelength.
Consequently, the line intensities have a characteristic
’signature’ which is easily recognizable. Comparing the
intensities of the multiphoton ionization lines with those of the
0 signal reveals a strong similarity between the two signals.
Accordingly, we conclude that multiphoton ionization precedes
negative ion formation.

The four-photon ionization of NO has been well-studied in
this region. In particular, several different workers have
resolved the energy of electrons ejected in the 455-390 nm
interval [1,2]. There is a distribution of discrete electron
energies produced, depending on the incident wavelength and the
final state of the No' ion, which ranges between 0 and 2 eV.
Miller and Compton have performed a similar study involving the
(1+1) photionization of NO at 226 nm, showing that the
distribution of electron energies is almost identical.

The dissociative attachment of electrons to NO,

NO(X°l) + e~ * N + O (1)
is endothermic by approximately 5 eV and so cannot proceed from
ground state NO and 2 eV electrons. If the NO is present in the
a’c* state, however, the reaction becomes exothermic by
approximately 0.45 eV, and we might expect thermal electrons to
attach dissociatively:

No*(A%c) + e” + N + O (2).

This situation is clouded somewhat by theoretical evidence

10




Eﬁ that an activation barrier exists for NO(A2t+, v=0), and
;} electrons with energies over 1 eV may be required to produce
;ﬂ dissociative attachment, depending on the details of the
$E potential functions of NO and NO . Nonetheless, it is clear that
3} electrons are produced with sufficient energy to overcome such a
i& barrier, so that eq. (2) is reasonable from both energetic and
ig kinetic points of view. We therefore regard photoenhanced
‘E dissociative attachement as the most plausible mechanism for
T producing O in the multiphoton excitation of NO.
:g CGHSF and related molecules. We have observed dissociative
'f' attachment of photoelectrons to four different fluorinated
- aromatic molecules, none of which are capable of dissociative
ia attachment in the ground electronic state. These molecules,
t; fluorobenzene and the three isomeric difluorobenzenes, all have
» strong electronic transitions between 275 and 260 nm, and it is
E this state which is being excited in the spectra we have
.i observed. We easily observe the production of F ions in all of
K these molecules, and in some of the difluorobenzene isomers we
:ﬁ observe other, more massive, negative ions being formed as well.
’f The interpretation of negative ion formation is most
:r straightforward for fluorobenzene, for which the ionization
:3 potential and C-F bond strength are best known. The C-F
T: dissociation energy for fluorobenzene is reported as 5.3 eV, a
g‘ typical value for fluorocarbons. The electron affinity of
Y fluorine is 3.4 eV, putting the threshold for dissocijative
? attachment of electrons at 1.9 eV; this value is consistent with
'. our observations of the onset of F production as a function of
-
e 11
kY
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the energy of incident electrons. The ionization potential of
fluorobenzene is 9.2 eV, and the first allowed electronic
transition falls at 264.4 nm (4.7 eV). Resonance-enhanced
ionization through this transition is, therefore, a two photon
process and will produce electrons with 0.2 eV kinetic energy or
less. Dissociative attachment of electrons formed in this way to
the ground state of fluorobenzene will therefore be an
endothermic reaction, requiring about 1.7 eV of additional energy
to proceed. We therefore interpret the formation of F ions as
resulting from attachment of electrons to the excited electronic
state, an exothermic reaction liberating approximately 3 eV
excess energy.

Similar results are obtained in the three difluorobenzenes,
leading us to conclude that the formation of F from excited
states of fluorinated hydrocarbons may be of quite general
occurrence. The principal ambiguity preventing the
interpretation of the difluorobenzene experiments is, again, the
uncertainty surrounding the energy of the photoelectrons
produced. Recent two color spectroscopy on p-difluorobenzene has
shown that thermal electrons are produced in quantity for a laser
wavenumber of 36935 cm-l, even though the region of greatest
absorption is near 36840 cm—l.

802. We have identified formation of the sulfide ion, S,
in the multiphoton excitation of sulfur dioxide using light from
a xenon chloride excimer laser at 308 nm. This light populates

the 1A2 electronic state of 50, allowing that molecule to attach

thermal electrons exothermically, producing S and 02. Whether




this is the exact mechanism for producing S~ is uncertain, since

a variety of additional products were observed in the positive
and negative ion spectra. We are able, however, to establish S~
conclusively as a product of the excitation by monitoring the
production of 34S_ at its natural abundance of 4%. In addition,
we have been able to monitor the production of S from excitation
of so,, in the second spin-allowed band system near 220 nm.
Photoionization and photofragmentaion

In order to interpret the attachment of photoelectrons to
small molecules, we required a greater insight into the details
of the mechanisms by which those photoelectrons are produced.

csz. We have examined the production of photoelectrons and
the attendant production of atomic and molecular ions from the
multiphoton excitation of carbon disulfide in the range between
330 and 280 nm, covering much of the moderately strong lBZ-II;
band system. Although this molecular band system ultimately |
proved unsuitable for further study into optical switching, it
provided a wealth of information regarding the mechanisms of
ionization and dissociation in small molecules. Moreover, a
study of this system allowed us to develop the methodology for
examining the photophysics and photochemistry of other small
molecules.

The experimental arrangement was much the same as that used
to study negative ion formation, except that provision was made
> for introducing light from the excimer laser directly into the

sample chamber. In this way, it was possible to control the

wavelength of photolysis independent of the ionizing wavelength.




i . We have established in these experiments that, for this
system, both fragmentation and ionization are important in
determining the fate of the excited molecules and, thus, the
composition of the laser-excited plasma. Fragmentation was tound
1 to precede ionization in every important instance,as demonstrated
by the importance of resonance-enhanced ionization of the neutral
fragments in the production of fragment ions. The neutral
fragments are produced with internal excitation of up to 4 eV,
accounting in some instances for virtually all of the excess
energy of photolysis. In particular, all of the CS fragments we
' detected were formed in the metastable g3n state; this fact
allowed us to probe the triplet manifold of that molecule in a
way not previously possible, and allowed us to characterize a
previously undiscovered triplet Rydberg state of CS. The
deposition of energy into internal degrees of freedom is also

reflected in the low translational energy of the neutral

2P 2o et el

fragments as determined from the Doppler widths of their
resonance-enhanced multiphoton ionization spectra. The details
f of these studies are described in more detail in two of the
reprints appended to this report.

Ferrocene. In work supported by the previous grant and
published during the current funding period, we have made a
similar investigation of the multiphoton dissociation and
ionization of ferrocene, Fe(CSHS)z. The dynamics of this
photodissociation are quite different, resulting in the
K liberation of substantial translational energy of the fragments.

i This disposition of energy has important consequences in the
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;f photochemistry and multiphoton detection of ferrocene; this work
h, "

A is described in detail in two of the appended reprints.
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An Abstract of the Dissertation of
Huei-Tarng Liou for the degree of Doctor of Philosophy
in the Department of Physics to be taken December 1985

Title: DYNAMICS OF MULTIPHOTON DISSOCIATION AND MULTIPHOTON
IONIZATION

Approved: ’4 M

“Professor John T. Mqfeley

Multiphoton processes such as multiphoton
dissociation (MPD) and multiphoton ionization (MPI) were
investigated in a variety of molecules, including NO, the
methylamines, and ferrocene. The primary purpose was to
study the role of intermediate excited electronic states on
the multiphoton process and on the products of MPD and MPI.

In the NO molecule, optical-optical doubly-resonant
MPI was used to investigate the effect of accidental
resonances in high-lying excited states.

Mass spectra of methylamine, dineghylaniné, and
trimethylamine were obtained by resonant MPI using a pulsed
molecular beam source and the excimer laser wavelengths 193
and 248 nm. Power dependence measurements were made for the
major fragment ions, and a rate equation model was employed
to interpret the results. In cases where fragmentation was

small, the mass resolved ions exhibited the expected
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integral exponential power dependence; where fragmentation
N was extensive, non-integral power dependence was observed.
N
:3 A single wavelength experiment at 447.6 nm and a two-
L

wavelength experiment which used a fixed wavelength of

T

ks

either 248 or 350 nm in combination with a tunable dye laser

‘-’ ‘-"l ‘»

(using Courmain C440 dye output wavelength from 438 to 457

nm) were used to investigate the dissociation mechanism of

R4
R
. Ial

Y

ferrocene. At 447.6 nm, the iron atom recoil in the MPD of

Relh
-

ferrocene was investigated by monitoring the Doppler

14

Py linewidth of the Fe MPI resonances. The iron atoms were

tﬂ observed to have a significant amount of translational '
} energy, implying that the dissociation of ferrocene is

F' through a non-concerted mechanism. In addition to ground

ié state Fe, a high percentage of excited Fe atoms were

k: produced by both the 248 nm radiation and the dye laser

E) wavelengths. In contrast, 350 nm radiation did not

é& significantly dissociate the ferrocene.

?,‘ From the results of these experiments, it can be

- concluded that when a molecule is irradiated with

<

5" visible/ultraviolet photons, the total energy of

:;' multiphoton absorption can significantly exceed that which
:; is necessary for ionization or dissociation in the

'{i multiphoton absorption process, and whether a molecule

o undergoes ionization or dissociation is determined by the
i characteristics of the intermediate electronic states. The

final products that result from multiphoton absorption are
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also determined by the involvement of the intermediate

excited electronic states in the process.
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A& INTRODUCTION

) e . . |
5‘-':': arorah e valence states of CS i th s mddic eliraviolet have been well studiod
::{v cooriatvedy e s known aboet the hichier ving Rvdbera siaies of this molecule.
LW , . . NP ° . : . .
Wy v reporied spectra of O Ryvdbera siates mothe vocuum ultraviolet region were

i ' N H H . ’ . N 1
o oo atrather fow resolutton (9 and rotational fine structure has not been observed
t,j cor b dificuity of obtaining spectra in this reaion is due in part to the stringent
‘:':’, oirarenial requirements of vacuum ultraviolet spectroscopy and in part to the fact
) [ . . . . .. . .
.j et Choas not stable with respect 1o polvmerization under ordinary conditions: it is
Rt 2ty prepared by phetelvsts of CSs or other thiocarbonyls, which themselves have
A ! M h 3

- ~oencospectia m the vacuum uliraviolet reeion.
. R . . - - . A A
K-t Jrunn and co-workers have predicted through SCE/CI caleulations that the 356X
g dodbere v of CS wall lie at about 61 000 coa ™' (/0) and have caleulated its bond
SO ferth and vibrational force constant. This «rite will have a fullv allowed transition
from the Towest electronic state in the tr @le. anifold (the «°11 state), corresponding
J i e third positive group of CO. Since the "X =11 transition will fall near 33 000
. v owhich is @ far more convenient region experimentally than is the vacuum ul-
Sy & 3

= . : , o . : \
e vovieler this bar Dsysteo i so o the nost promising way of studying the lowest ti 72t
A I aner state of S,

» . . . -

19,48 As Blaek and co-workers have sho 1 (77). photodissociation of CS» below 150 nm
, produces farge quantities of CS inits °11 state. By dissociating CS» with two photuns
o W having about the same total energy through the resonant 'B-=XY'S* transition at 300
B L o &

" i (1 0), we have produced a similar distribution of products (73). Thus, two-photon
ol I
R~ dissocttion of CSs is an efficient method of preparing @11 CS.

1, . . . .

Several groups has - reported mass-sclected multiphoton ionization of small mol-
- ceules. Although this method is ordinarily employed to study the mass spectrum of a
L) . ~ . -
.g pariiculer parer tat hxed discrete laser wavelengths, Morrison and Grant (/4) have
o re ot demonstrated that resonance-c vhanced multiphoto 1 ionization can also be
- :
K)
£
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'.?‘.s SOsCON popuianon dertoeton of that Uoanent
Wereport m this paper the vocood 1".‘.‘:.\\.«&-:;1;11 resongice-cnnaneed naeehooom
ODLALON SPCLITOSCOPY 1O exLiine ihe spectram ol OS5 pooduced i the two-mn oo

aetoboas of Oy under nearhe cotbsion-iree conditens, Fhe ondy prominent sy oo

falheaceaton stadiod (203 0 pn s due oo X band svsien, winich hoe boen
recorded at medere resoluniion oo brorationaily anabhvoed, The npper

T N . Yy ! ! Iy e Pyt gy
s entabits allb of the distinve SR LCTUECs OoF W o ese Rvdinore st e oo

ST o
' yooNIeoEy N (SR TN B N
N . N ' . iy i ey Gy e a1 - o Do
U feneneeh o s o s iy o et oot es n LSV IGUS Darer e T
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cunrteowmdow, Mest ot the ccimer lieb prsend thronoi ‘i‘l\ window and was nsed

T d ”{‘11.7 c-tunubis dye foser thoimbda Phosil BT 200200 the l@hL:kL. Pt o

So e vas focused o the saaple comapariment using: I(M'm—tnc;si-lcn;'i!1 quarts
oo Preduieney Goubling the de laser was aecomphished with a temperature-siabilizoed
poclo-tuned KDP ervsial tlambda Phovsik BT 200 and the tandamoental wos soparaied
ez aoset of four Pellin=Broca pitsims. The feser bewm was narrowed spatially using
atcloscope and mntroduced into the sample chamber on the side opposite to the eacimer
Poum so that the two laser beams would Fo collinear and counterpropagating.
dhe sample of CSs was introduced into the vacuum chamber through o pulsed
sro cutar beam valve (Lasertechnics 203LPY)Y with  -mm-diamecter noszle. The
veronl pressure of CS; on the high-prossure side ot the vaive was the room temperature
vopor pressure of the iquid (ca, 400 Torr). Spectra were taken with argon and helium
carrier gy ai totad pressures oi up to 2 atm. The sample chamber wus evacuated using
@ o oil ditfusion pump with a refngerated battie, While pulsing, the pressure tpieally
ose Lo about 3% 107 Torr in the detection chamber. The background pressure was
leas than 10 ° Torr.

fons produced by the laser were extracted. focused through a set of three eviindrical
on lenses, mass selecte:” using a quadrupole mass tilter. and detected with an electron
multipher. Detection was gated. with a tvpical detection window of 20 usec.

Svinchronization of the laser pulse. valve opeming. and gated detection was ccom-
plished using a dedicated microcomputer with an analog/digital conversion board
controlling triggering circuits. A timing pulse from the computer trigg  ed the valve,
which then triggered a delay generator, The delay generator fired the excimer laser
and triggered a second delay generator which, in turn. trigegered th ga d o - czrator
which accumulated the ton signal. The microcomputer also supervised tuning the
srating and doubling crystal for the dve luser as well as ¢o Tecting and storing data for
subsequent processing and analysis.

Wavelengths were recorded from the laser dial. These were calibrated using wave-
lengths of atomic sulfur transitions and were found to be in error by no more than
0.6 ¢cm ', only slightly more than the nominal resolution of the frequency-doubled
dye laser (0.3 ecm ). We anticipate, then, that our svstematic error of measurement
between bands will ordinarily be less than 1 em™', and within a short range will be
fess than 0.1 cm !,
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Multiphoton Dissociation and Ionization of CS, between 330 and 280 nm

J. L. Hardwick,* Y. Ono, and J. T. Moseley

Chemical Physics Institute, University of Oregon, Eugene, Oregon 97403 (Received: February S, 1987,

In Final Form: April 6. 1987/

Products of the laser multiphoton dissociation of carbon disulfide have been studied by mass-selected resonance-enhanced
multiphoton ionization spectroscopy between 330 and 280 am. Photolysis is shown to produce CS in its a’[l state, atomic
carbon in its *P, 'D, and 'S states. and sulfur in its *P, 'D, and 'S electronic states. The results indicate that fragmentation
of CS, competes with ionization at moderate laser flux densities and that fragmentation typically precedes ionization in the
formation of fragment ions. Doppler broadening measurements indicate that little of the excess energy of photolysis is released

as translational energy .

Introduction

The single-photon photochemistry and spectroscopy of carbon
disulfide are rich and varied. and this variety is reflected in the
multiphoton processes it can undergo. In the near- and mid-
ultraviolet. its absorption spectrum is dominated by exceedingly
complicated transitions to electronic states derived from the '3,
and '), states of the linear molecule.' In the region between
150 and 200 nm the spectrum is less well understood., but there
15 clear evidence that both valence®* and Rydberg™* states are
present.

The photochemistry of carbon disulfide is sensitive to the
wavelength of photolysis. Absorption of a single photon at 193
nm excites the molecule to both singlet and triplet dissociative
states, leading to production of CS¢(X'X*) and sulfur atoms in

the 'D and *P states.”'? Further into the ultraviolet, production
of CS(a’ll) becomes important; between 140 and 125 nm, CS
is produced almost exclusively in the lowest triplet state.'
The multiphoton processes in CS; arc even more diverse and
are less clearly understood. Rianda et al.' studied the multiphoton
ionization spectrum of CS, between 330 and 390 nm and reported
the close similarity of the multiphoton ionization spectrum to the
absorption spectrum over that range. They did not, however,
analyze the products of the photolysis, monitoring instcad the total
ion current. Later, Seaver et al.'* used mass spectrometry to
analyze the products of multiphoton photolysis and ionization at
193 and 266 nm and concluded that two different mechanisms
of ion formation operate at thosc two wavelengths. More recently,
Fotakis et al.'* reported formation of CS(A'Il) and CS(d*3) in

(1) Jungen, Ch.: Malm, D. N Merer, A. ). Chem. Phys. Leti 1972, 16,
302

t2) Jungen, Ch. Malm, D N Merer, A I Can. J. Phys 1973, 51,1471

(1) Hallin. K -E )., Maim, D. N Merer, A J. J. Mol. Specirosc. 1978,
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(4) Kieman. B Can. J Phys. 1964. 41, 2034,

(5) Douglas. A E; Zanon, |. Can. J. Phys. 1964, 42, 627

(h) Desiderio. R A Gerrity, D P Hudson, B.S. Chem. Phys. Lerr. 198S.
11529

(73 Price. W C ., Simpson, D. M. Proc. R. Soc. London, Ser. A4 1938,
1694, S01

W) Gireening. b R . King. G. W. J. Mol. Spectrosc. 1976, 59, 312
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Multiphoton Dissociation and lonizition of €S,

the multiphotor photolysis of €S, with 4 narrowed KrF laser
operating near 248 nm. Bieniak and Erost’'” have reported ob-
servations of multistep onization in €8s at 337 nm involving both
optical and collisional excitation.

The difficulty ininterpreting the above multiphoton experi-
ments, b of which use a fixed-wavelength laser. is that there is
no vbvious way of determining whether the results presented are
characteristic of a broad wavelength range or, instead reflect local
anomitlies in the spectroscopy of €Sy or its fragments. In this
paper, therefore, we systematically examine the multiphoton
spectrum of €S, over the wavelength range of its first strong
absorption in the ultraviolet. Our goal is to identify the principal
fragments produced in the multiphoton dissociation of carbon
disulfide in the region between 330 and 280 nm using the
mass-anahy zed multiphoton ionization spectra of the parent CS.
and 1ty various fragments,

In doing so, we can demonstrate the importance of resonance
effects not only in the formation of the CS,* ion but also in the
onization of CS, C.and S fragments. The mass- and frequen-
cv-resolved spectra lead us o conclude that, to a good approxi-
mation, fragmentation precedes fonization in most instances at
these wavelengths: that €S is produced in the a'll state by a
two-photon process at wavelengths near 308 nm: and that C and
S atoms are produced both in ground and excited states with
energies up to 3 e

Experimental Section

The experimental apparatus consists of a pulsed molecular beam
(Lasertechnios LPV) with a 1-mm nozzle aperture. crossed at a
distance 20-30-mm downstream with the output of a frequen-
cy-doubled Lumbda Physik dye faser (FL2002E) pumped by a
Lambda Physik XeCl excimer laser (EMG102). lons created in
the interaction region are extracted through a set of ion lenses,
mass selected with a quadrupole, and detected with an electron
multipher. The chamber is pumped by a 6-in. oil diffusion pump
and maintained at a pressure of less than 10°* Torr during the
experiment.

The excimer laser produces pulses of about 20-ns duration. The
energy of the doubled dye laser pulse is typically 1 to 2 mJ, giving
a mean pulse power near 100 kW. This was focussed by a 20-cm
focal length lens.

Most spectra were recorded with a spectral line width of 0.3
cm ', scanning the laser wavelength by tuning the dye laser
diffraction grating and KDP doubling crystal (Lambda Physik
FL.30) simultanously. A few features were also recorded at higher
resolution, tuning the diffraction grating and an intracavity etalon
to cover 4 narrow spectral range. In the high-resolution mode,
the intracavity etalon in the oscillator of the dye laser provided
laser wavelengths with i line width of 0.05 cm™'. The dyes used
were Rhodamine 640, 610, and 590 and Coumarin 540A. Some
atomic and molecular resonant transitions were also probed with
two-color multiphoton ionization. in which case part of the excimer
laser beam at 308 nm was diverted and introduced into the
chamber collinear and counterpropagating with respect to the dye
laser beam.

The carbon disulfide was from MCB, Inc., and was used without
further purification. The room temperature vapor pressure of CS.,
was introduced into the molecular beam valve with and without
argon carrier gas. The ionization spectra did not change sig-
nificantly under these conditions.

The laser pulse, valve opening. and gated detection were syn-
chronized by a dedicated microcomputer with an analog/digital
conversion board to control the various triggering circuits. A
timing pulse from the computer triggered the valve, which in turn
triggered a delay generator. The delay generator fired the excimer
laser and triggered a sccond delay gener:tor which, in turn,
triggered the gated integrator to accumulate the ion signal. The
microcomputer also supervised tuning the grating. etalon, and

(16) Fotakis. C . Zevgohs, D | Ffthimiopoulos, T, Patsilinakou, E. Chem
Phys Letr 1984, 110,71
(17) Bichiak, B, EFrmst. W dAppl Phos B 1983 3/ 153
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doubling crystal for the dye laser, collecting and storing data. and
processing and analyzing the data following the experiment.

Results and Discussion

Several ionic species. both atomic and molecular. were observed
as products of multiphoton dissociaiion and iomzation of CS.. The
formation of each ion was monitored as a function of wavelength,
and the appearance spectrum of the jon could. in most instances,
be identified with the optical spectrum of the parent neutral
species. Monitoring the production of S*. for example, provides
a resonance-enhanced multiphoton ionization spectrum of the
sulfur atom freshly produced by the dissociation of CS.. while
monitoring the current of CS* vields a spectrum of neutral €S,

A discussion of the various products will require some under-
standing of the thermodynamics of CS. and its fragments. Using
the appearance potential of CS* from CS, (1580 £ 0.03 ¢V)y'™*
and the known onization potential of CS (11.333¢V).™ we can
deduce the dissociation energy of the SC-S bond (10 produce CS
and S in their ground states) as 4.46 £ 0.04 ¢V, Alternatels, this
dissociation energy can be derived from the appearance potential
of S* from CS,; (14.787 £ 0.004 ¢V)™ and the ionization potential
of atomic sulfur (10.360 ¢V)®' as 4.427 £ 0.004 ¢V, or about
35700 cm ' (280 nm). Dissociation to ground-state sulfur (P}
and ground state CS (*Z*) from ground-state CS. ('X,*) is not,
however, a spin-allowed process: the first such allowed process,
producing CS(X'X*) and S('D.). requires an additional 10193
em ' (1.26 ¢V}, To produce S('S,) requires 22180 ¢cm ' or 2.78
eV over production of S(*P.).

(S.*. The CS,* molecular jon was prominent in the mass
spectrum at all wavelengths studied. In general. its formation
appeared 10 be enhanced by the one-photon 'B,-'X,* resonances
of CS, between 330 and 280 nm, and a plot of the ion current
as a function of wavelength is very similar to the single-photon
absorption spectrum of CS,. Direct formation of the CS,* ion
from CS, is a three-photon process. since the ionization potential
of CS, is 10.08 eV.”> The similarity of the three-photon ionization
spectrum to the absorption spectrum suggests that only the first
photon is in resonance: in particular, the D and E states near 8
eV appear unimportant in promoting the ionization.

The spectroscopy of CS in the near-ultraviolet has been the
subject of several analyses.'”* There are two important sets of
clectronic states giving rise to band systems between 270 and 400
nm. The *A., electronic state, of which only the B, spin-electronic
component has been rotationally analyzed, probably arises from
the *A, electronic state of the linear molecule, while the corre-
sponding ' A, state of linear CS, gives risc to 'B. and 'A, electronic
states of the bent molecule. The most intense band system in this
wavelength range is the 'B,-X'E,* system, which has been the
subject of extensive investigation by Merer and co-workers.> As
expected, the three-photon ionization spectrum is most strongly
enhanced by one-photon resonances with this strong singlet—singlet
system.

CS*. By monitoring the production of CS* we are able, in
principle. to detect either the resonance-enhanced multiphoton
ionization spectrum of the neutral CS molecule or the fragmen-
tation of the CS,* molecular ion. In the 330-310-nm excitation
region, this ion current is relatively weak, and its spectrum is much
the same as that of the CS,* ion. All processes except the ab-
sorption of the initial photon by CS, appear to be nonresonant,
and so it is impossible based on present evidence to determine
whether ionization precedes or follows fragmentation in this
spectral region.

To the violet of about 308 nm, however, a much stronger and
simpler spectrum begins to emerge. Part of this spectrum is

(18) Ono, Y.; Linn, S. H.; Prest, H. F.; Gress, M. E.; Ng, C. Y. J. Chem.
Phys. 1980, 73, 2523

(19) Huber, K. P.; Herzberg. G. Constanis of Diatomic Molecules, Van
Nostrand-Reinhold: New York, 1979,

(20) Eland, J. H. D.; Berkowitz, J. J. Chem. Phys. 1979, 70, 5151,

(21) Kaufman, V. Phys. Scr. 1982, 26, 439

(22) Tanaka, Y ; Jursa. A S.. Leblane, F J. J. Chem. Phys 1960, 32,
1208
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B n": Figure 1. Purt of the 'S*-a’ll resonance-enhanced two-photon ionization spectrum of CS, recorded by monitoring the current of CS* as a function
5 " of laser wavelength. CS(a'll) is produced from the photolysis of CS, by 308-nm excitation from a XeC| excimer laser. The wavenumber is given in
cm'h
e L - . . o
o presented in Figure 1. This spectrum is dominated in this region TABLE I: Atomic Transitions Observed in the Multiphoton
J by a one-photon resonance which is identified as a *Z*-a*Il Dissociation and lonization of CS, 4
. \ transition. The details of the vibrational and rotational analyses assignment . o . y
e have been presented elsewhere?? and will not be repeated here. = S > obsd . “:d obed __caied
e z: All evidence points toward the direct production of CS(’I) S ;g‘ ,50 - :p ,:0 ;E}g?g ;‘2':522 ::
RO: through the reaction 3p* P, —— 4:: P 322479 322466 13
:n':: CS, — CS(a’Il) + S(°Py, ») ) 3p* P, ——4p P, 322499 322484 1.5
P 3p* P, —— 4p P, 324453 324459 0.6
@ This process requires 7.87 eV at threshold, or two photons at about 3p*3P, == 4p P, 324442 3244456 -0.4
315 nm. Using the excimer laser at 308 nm for photolysis we 3p* P, ~—4p P, 324458 324464 -0.6
Y would, therefore. expect the product CS(a*I) to be formed with 3p* 'S, — 45 S° 331499 331508 -0.9
very little vibrational excitation. This is, indeed, what we observe; C Zpi ;Po - 3p ;Po 35677.3  35676.3 1.0
] moreover, we find that using a relatively short-wavelength dye %PI 3P0 - ;P lgz 35 6?,3-§ 326357 L1
laser for photolysis produces many additional “hot” features in zp, ,:‘ . 3p ’Pl ;g 282-7 35284% :(2)
the spectrum of CS. Finally, we note that we observe the (1,2) 2:; ’Pl 3‘; !Pz 356555  35654.6 09
band of this system upon photolyzing at 308 nm. Since there is 2p? ;p: —~—3p :p? 356619 356608 n
not enough energy to produce ¢” = 2 from ground state CS; at 2p2 P, == 3p P, 356720 35671.0 1.0
this wavelength, the band is presumably due to photolysis of hot 2p!'D, ~—3p'D, 312079 312090 -1.1
CS,. We find that by pressurizing the sample on the stagnation 2p*'D, == 3p'S, 318900 318916 -1.6
side of the nozzle with 2 atm of Ar we are able to cool the CS, 2p? 'S —~—5p'D, 318746 318759 -1.3
vibrational energy sufficiently to discriminate against this band. 2p? 'Sy ——4p 'Sy 303040 303019 2.1

We conclude that reaction | is, then, responsible for the direct
production of CS in its lowest triplet state, and that the frag-
mentation of CS, to CS(a’Il) and SC°P,, ;) competes with the
ionization to CS,* at the laser flux densities of this experiment.

S*. Brewer ct al.* have reported observing the *P,, , and 'D,
states of atomic sulfur as products of the photolysis of CS,. In

(23) Ono. Y . Hardwick. J. L. J. Mol. Spectrosc. 1986, 119, 107.
(24) Brewer, P.. Van Veen, N.: Bersohn, R. Chem. Phys. Let1. 1982, 91,
126

addition, we have been able to identify the 'Sy, — 3S, transition
in atomic sulfur. The wavelength of the atomic transitions we
observe are summarized in Table I. The 3p* *P, — — 4p *Py, ,
lines appearing near 308 nm are of particular interest, since they
fall within the gain profile of the 308-nm emission of the XeCl
excimer laser and may be important in photochemistry promoted
by that laser. Brewer et al.2* remarked that these lines were far
broader than they had expected and suggested that the additional
line width might be due to Doppler broadening of translationaily
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Figure 2. The spin components of the 'P. -~ -» 'Pgy, . resonance-en-
hanced three-photon ionization spectrum of atomic sulfur, recorded by
monitoring the current of 8* as a function of laser wavelength. The
spacing between the J = 1 and J = 2 components is 1.8 em ™', and the
average line wadth (fwhm). which is power broadened by an undeter-

mined amount, 15 0 25 cm’ - Wavenumbers of these transitions are listed
in Table |

hot sulfur atoms. Since we expect the majority of 3p* *P sulfur
atoms to be formed by the same reaction which produces CS(a’Il).
and since that reaction is only slightly above threshold in this
wavelength range. the mechanism of eq | is not consistent with
a large Doppler broadening.

To clarify this issue, we have performed a series of measure-
ments using an etalon-narrowed dye laser at several power levels.
A typical scan at a low power level is shown in Figure 2. Ex-
perimenting with different power levels reveals that these lines
are very sensitive to power broadening, and lowering the power
to eliminate the effects of power broadening caused the signal/
noise to deteriorate to unsatisfactory levels. That is, at power levels
low enough to eliminate power-dependent broadening of the atomic
lines. the signal is eliminated as well. Some asymmetric shifting
due the ac Stark effect may also contribute to the observed line
profiles: at the signal/noise level of our low power scans, it is not
possible to distinguish these effects. Consequently, we are unable
to establish the exact magnitude of the Doppler broadening, only
to place an upper limit on its size. Nonetheless, based on measured
line widths of 0.25 cm™!, we can conclude that the translational
energy is less than 0.3 eV. This result is consistent with a two-
photon dissociation by the mechanism of eq 1 and is less than had
been reported by Brewer et al..?* who were unable to resolve the
3P, — — 3P, spin component shown in Figure 2.

Some caution must be exercised in interpreting our observed
line widths. since the photodissociation process need not produce
isotropically distributed fragments. As a result. it would be unwise
to attempt to extract a rigorous partitioning of the translational
energy of the fragments without first determining whether there
is any preferential direction of ejection of atoms with respect to
the directions of propagation and polarization of the incident light.

Transitions originating in the 'S and 'D states of atomic sulfur
have also been identified in the spectrum. These states of sulfur
could be formed in two obvious ways: either from the dissociation
of CS, or from the dissociation of CS. In order to form singlet
sulfur from the dissocation of singlet CS,, spin conservation re-
quires that singlet CS be formed in the two reactions

CS, = CS(X'Z*) + S('D) (2)
CS, — CS(X!'Z*) + S('S) 3)

We have searched carefully for evidence of the production of CS
in its ground electronic state and have found none. We cannot,
therefore, confirm the importance of reactions 2 and 3, and we
conclude that formation of singlet states of atomic sulfur from
the photodissociation of CS(a’Il) is equally plausible on the basis
of our experimental results.

(**. Our multiphoton ionization spectrum of atomic carbon
is similar in many ways to that observed by Bolovinos et al., who
identified the 'D, — —= 3p'P, transition in carbon produced from
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Figure 3. The Py, . — — P, , transition of atomic carbon, recorded
by monitoring the current of C* as a function of laser wavenumber, which
is given in ¢m ' beneath the spectrum. The stick diagram below the
experimental spectrum illustrates the intensity ratios for the spin com-
ponents expected on the basis of the one-parameter model of ref 24,
assuming equal population of the spin components of the lower state.

TABLE I1: Intensity Factors for the Spin Components of a ‘P, - -+
3P, Two-Photon Transition

J'=0 J'=1 J=2
JU=0 gl + 207 0 Tl )?
J'=1 0 Al + a2+ ¢ - o?
JU=2 G- ol - P Sl 4+ Mgt +

Al + 9t + 2

the photolysis of aromatic molecules,”* and Whetten et al., who
identified several transitions originating in the 'D- and P . levels
of neutral carbon from photolysis of C.F, and benzaldehyde.®

Atomic carbon resonances are observed from the P, 'D, and
'S states. Among these, the resonant transition 2p'D, — — 3p'D,
at 320.4237 nm is the strongest feature in the C* spectrum. About
6.7 nm to the violet of this strong line, a weaker feature due to
the 2p'S, — — 5p'D, transition is identified. The total energy
required to produce C(2p'D;) from CS, is about 13.05 eV; to
produce C(2p'S,) requires 14.47 eV. A single photon in this
wavelength range provides about 3.9 eV, and so a minimum of
four photons is required to produce either singlet state of carbon
from CS,. Four photons will deposit approximately 15.6 eV into
CS,, leaving a residual energy of either 1.3 eV (for 'S, carbon)
or 2.4 eV (for 'D, carbon) to be disposed of in some way.

While it is not possible at this time to determine the exact
partition of the remaining energy, we can rule out translational
excitation of carbon atoms as being important. Upper limits to
the Doppler widths of both the 2p'D, — — 3p'D;, and the 2p'S,
~ — 5p'D, transitions have been measured, and both are found
to be less than 0.3 cm™', which is only slightly above the Doppler
width at room temperature. The most probable repository of the
excess energy is, then, electronic excitation of one or both sulfur
atoms to the 'D, state (1.15 eV).

Near 280 nm, we observe the 2p’P,. — — 3p’P, transitions
of the carbon atom, as shown in Figure 3. The intensities of these
two-photon transitions are represented to a good approximation
by the one-parameter model used by Brewer et al.,** reproduced
here in Table 1. Following those authors, we define an asym-
metry parameter ¢ = [8(x1)/8(0)]"/2, where B(M) is the two-
photon absorption cross section. We find that an adequate
treatment of the observed intensities is provided by choosing an
asymmetry parameter ¢ = 0.15.

As expected, the 2p’P, — — 3p°P, and 2p’P, — — 3p°P,
transitions are not observed. The 2p’P, — — 3p’P, transition,
which should have the same intensity as the 2p*’P, — — 3p°P,
transition, is actually observed to be somewhat stronger; a similar
disparity exists between the 2p’P, — — 3p’P, and 2p’P, — —

(25) Bolovinos, A. Spyrou, S.; Cefalas, A. C.; Philis, J. G.; Tsekeris, P. J.
Chem. Phys. 1986, 85, 2335.

(26) Whetten, R. L. Fu, K.-J.; Tapper, R. S.; Grant, E. R. /. Phys. Chem.
1983, 87, 1484.
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Ip*P. transitions. These shight enhancements of J7 = 2 relative
10 0and 1 may be a reflection of the population distribution within
the 2p'P, states

Conclusions

The multiphoton dissoziation of CS5in the wavelength range
from 330 to 2X0 nm 15 shown to produce carbon and sulfur atoms
in their lowest three electronic states and CS in its lowest triplet
state. The clectronic excitation of the products amounts 1o as
much as 2.7 ¢V for the atoms and vver 3 ¢V for the CS fragment.

The atomic hines are all guite sensitive to power broadening
and. possibly. the ac Stark effect. making accurate measurement
of the hine widths impossible in the present experiment. Upper
timuits for some Doppler widths have been measured, however. and
these are only slightly greater than the room-temperature Doppler
width  This leads us to conclude that little of the excess energy
of photolysis 1s deposited as translational energy, but rather that
most 1~ taken up by internal degrees of freedom of the fragments.

Finally. we note that the resonance effects substantially change
the distribution of product 1ons over the refativels narrow
wavelength range we have investigated. and there is every reason
to believe that the distribution would change even more drastically
as other clectronic states of €S, ure probed. In purticular, the
production of §* is greatly enhanced near the 30%-nm XceCl
excimer band due to the two-photon 3p* P, = » 4p P, trun-
sition in atomic sulfur, which is aceidentally in resonance with
the luser wavelength. We expect this resonance to play an im-
portant part in the multiphoton photolysis and iorization of many
sulfur-containing compounds. and so would urge great care in the
interpretation of such experiments.
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Two-Color Multiphoton Dissociation and Ionization of Ferrocene

H. T. Liou," Y. Ono,* P. C. Engelking,* and J. T. Moseley

Departments of Physics and Chemistry, University of Oregon, Eugene, Oregon 97403

{Received: October 11, 1985}

The state distributions and relative yields of iron atoms generated in the multiphoton dissociation of ferrocene by the combined
radiation of an excimer laser (248 or 351 nm) and a dye laser in the region 430452 nm were probed by multiphoton ionization.
The use of different wavelengths alters the amount of energy deposited in ferrocene prior to dissociation. Comparisen of
the two-color work with spectra obt.ained with purely visible radiation reveals that 351-nm radiation is ineffective in producing
rapid dissociation. whereas 248 nm produces iron in a large number of electronic states. The rapid production of iron appears
W require {.5 eV of excess energy above the dissociation threshold and is likely a direct dissociation an a repulsive surface.

Introduction

The process of unimolecular dissociation has been well studied’
and is very accurately characterized in many cases by RRKM
theory? or quasiequilibrium theory® (QET). The work in this field
has almost exclusively centered on single dissociation processes
yielding two products. Often, the time-of-flight technique is
employed to measure the velocity and mass of one of the products
which, through conservation of momentum and energy, allows a
measure of the kinetic energy release.** More recently, the
statistical treatment of unimolecular dissociation has been extended
to fragmentation processes yiclding several products.® formulating
the partitioning of excess energy into the available degrees of
freedom’ and identifying the experimentally observable® char-
acteristics which can discriminate between sequential and si-
multaneous dissociation mechanisms.

In contrast to statistical decomposition, if dissociation occurs
on a time scale that is fast compared to redistribution of energy

* Present address: Department of Chemistry, University of Pennsylvania,
Philadetphia, PA 19104

among vibrational modes, dissociation may be highly specific in
the resulting distribution of energy among degrees of freedom.
Occasionally, this has been observed by chemical activation:

(1) Spicer, L. D.; Rabinovitch, B. S. Annu. Rec. Phys. Chem. 1970, 21,
349. Setser, D. W. MTP Int. Rev. Sci. Phys. Chem. 1972, 9, 1. Quack. M.;
Troe. J. Gas Kinetics and Energy Transfer. Vol. 2, Ashmore, P. G., Donovan,
R. J. Ed;; The Chemical Saciety: London, 1977: p 175. Quack, M.; Troe,
J. In1. Ret. Phys. Chem. 1981, 1, 97. Holbrook, K. A. Chem. Soc. Rer. 1983,
12,163, Kassel, L.S. Kinetics of Homogeneous Gas Reactions, Chemical
Catalog Co.; New York, 1932.

(2) Marcus, R. A.; Rice, O. K. J. Phys. Colloid. Chem. 1951, 55, 94.
Marcus, R. A. J. Chem. Phys. 1952, 21, 359.

(3) Vestal, M.; Wahrhaftig, A. L.; Johnston, W. H. J. Chem. Phys. 1962.
37, 1276.

(4) Franklin, J. L. S-ience 1976, 193, 725.

(5) Safron, S. A.; Weinstein, N. D.; Hershbach, D. R.; Tully, J. C. Chem.
Phys. Lett. 1972, 12, 564. Farrar, J. M.; Lee, Y. T. J. Chem. Phys. 1976,
65,1414,

(6) Silberstein, J.; Levin, R. . Chem. Phys. Letr. 1980, 74, 6. Silberstein,
J.. Levin, R. D. J. Chem. Phys. 1981, 75, 573§

(7) Ohmichi, N _; Silberstein, J.; Levine, R. D. Isr. J. Chem. 1984, 24, 245.

(8) Bernstein, R. B. J. Phys. Chem. 1982, 86, 1178,
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Figure 1. Various amounts of excess energy for dissociation of ferrocene
are produced with different wavelengths, either singly or in combination.
The absorption spectrum on the left shows allowed ferrocene transitions.
(a) shows 2.1-eV excess energy is produced with 448 nm alone, (b) shows
0.7-eV excess is provided by 351-nm radiation, and (c¢) shows an ample
3.8 eV from two photons of 248-nm radiation.

Rowland and co-workers® have observed rapid. nonstatistical
dissociation of Sn{CH,CH=CH,), or Ge(CH,CH=CH,), upon
addition of an F atom to the double bond, much faster than
accountable by RRKM. More often, rapid, direct dissociation
is observed in photofragmentation.'?

These two mechanisms, one statistical, the other direct, apply
to different molecules. A molecule as large as ferrocene (bis-
(cyclopentadienyl)iron) has two factors that would favor a sta-
tistical mechanism of photodissociation: (1) a large number of
vibrational modes (57 internal degrees of freedom), and (2) a high
density of electronic states of various multiplicities. It would seem
that the great many vibrational modes would provide ample op-
portunity for mode coupling and would serve as a bath for qua-
siequilibrium to develop. The high density of electronic states
would provide ample opportunity for curve crossings to prevent
direct dissociation on an isolated electronic surface. The lack of
phosphorescence in ferrocene!! indicates ample intersystem con-
version and relaxation even in energetically low-lying states; the
situation would appear even more complicated near the dissociation
threshold. From these considerations, it might be expected that
ferrocene would be a typical example of statistical unimolecular
decomposition.

The observation of iron atoms produced in high yields in
multiphoton dissociation (MPD) of ferrocene, as detected by
multiphoton ionization (MPI) near 300 nm, suggests that the
mechanism for iron production via ferrocene decomposition is not
simply statistical.'> The appearance of iron within 1 ns, using
400-nm radiation,'® also suggests that the energy is not randomized
over all 57 internal degrees of freedom.

In a subsequent paper'* we demonstrate a method for probing
the resulting translational energy distribution for the product of
a two-step dissociation process using a narrow-line-width tunable
laser in the wavelength region 430-452 nm. The Doppler profile
of some strong Fe lines resulting from the multiphoton dissociation
of ferrocene reveals that a direct dissociation occurs and that most
of the excess energy appears as translational energy of the
products. In this paper, we examine the combined dye laser
radiation with varying amounts of excimer laser radiation in order

(9) Rodgers, P.; Montague, D. C.; Frank, J. P.; Tyler, S. C.; Rowland, F.
S. Chem. Phys. Leti. 1982, 89, 9. Rodgers, P ; Selco, J. I.. Rowland, F. S.
Chem. Phys. Lett. 1983, 97, 313.

(10) Leone, S. R. Adv. Chem. Phys. 1982, 50, 255.

(11) Muller, L. A. Ann Phys. 1927, 82, 39.

(12) Engelking, P. C. Chem. Phys. Lett. 1980, 74, 207.

(13) Leutwyler, S.; Even, U.; Jortner, J. Chem. Phys. Lett. 1980, 74, 11.

(14) Liou, H. T.; Engelking, P. C.; Ono, Y ; Moseley, J. T. J. Phys. Chem.,
following article in this issue.
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Figure 2. Multiphoton dissociation/multiphoton ionization spectra of
ferrocene, using (a) C440 dye laser radiation alone, (b) C440 + 351 nm,
(c) C440 + 248 nm. The wavelength is that of the C440 dye laser.

to investigate changes in the dissociation process, particularly the
final electronic state of Fe, as a function of excess energy. We
find that the rapid direct dissociation of ferrocene does not occur
with 0.5-eV excess energy. proceeds rapidly with 2.1-eV excess
energy, and not only proceeds rapidly with 3.8-eV excess energy.
but also produces electronically excited iron in a variety of states.

The experimental MPD situations which we wish to investigate
are illustrated in Figure 1 In (a). three photons of 448-nm
radiation exceed the 6.2-¢V dissociation threshold by 2.1 eV. In
(b). the maximum available energy is 0.9 ¢V above the dissociation
threshold. In (c), two 248-nm photons provide the excess 3.8 eV.

The iron product atoms will be probed by a dye laser operating
near 448 nm. MPI resonances will allow us to determine what
states of iron are produced.

Experiment

The experimental arrangement consists of an excimer laser, a
dye laser,’® and a parallel plate ionization chamber. A quartz
beam splitter placed in the path of the excimer laser beam removes
8% of the UV radiation for delivery to the sample; the transmitted
beam pumps the Coumarin 440 (C440) dye laser. The UV ra-
diation passes through a variable attenuator assembly (a set of
20 removable quartz slide covers) and is combined coaxially with
the dye laser beam by a high reflectance dielectric mirror. The
UV radiation exposes a volume that totally includes that volume
irradiated by the visible light. The beams are focussed by a 16-cm
focal length quartz lens into the parallel-plate ionization chamber
containing 7 mTorr of ferrocene (room temperature vapor pres-
sure),'s at a total pressure of 100 mTorr. Products of ferrocene
dissociation are eliminated by maintaining a gentle flow of the
background gas, slowly pumped over the ferrocene and through
the chamber. A potential of approximately 250 V is applied across
the plates and the total ionization signal is processed by a gated
integrator and recorded by either a computer or a chart recorder.
The laser powers were monitored separately with a Gentec Model
Ed-100 power meter for the UV and an Analog Modules Inc.,
LEM 100 photodiode for the visible.

Studies of ion products were performed with a quadrupole mass
spectrometer. In the static gas cell mode, ions created in the
7-mTorr region are extracted through a 1.5-mm-diameter aper-
ature, mass analyzed with a quadrupole mass spectrometer, and
detected with an ETP AEM-2000 electron multiplier. In a pulsed

(15) Chang, T.; Li, F. Y. Appl. Opt. 1980, 19, 3651.
(16) Edwards, J. W ; Kington, G. L. Trans Faraday Soc. 1962, 58, 1323.
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Figure 3. lon signal vs. laser intensity at 447.6 nm.

beam mode, a Lasertechnics LPV pulsed molecular beam valve,
supplied with Ar carrier gas at 1000 Torr and ferrocene at room
temperature vapor pressure, provided a source of molecules in a
chamber evacuated to 6 X 107 Torr by a 6-in. diffusion pump.

Results

The ionization intensities, as functions of the dye laser wave-
length, and obtained with 440, 440 + 351, and 440 + 248 nm,
are shown in Figure 2.

Dye Laser 440-nm Dissociation. The strong features of the
C 440 laser scan are readily assigned to the a’D,~e°D two-photon
transitions of Fe, using the Fe levels provided by Corliss and
Sugar.!” This is similar to a spectrum previously published by
Leutwyler et al.'® The AJ = 0 transitions dominate the spectrum
in the 447.5-448.3-nm region with five peaks representing J =
0-4. The AJ = %1, %2 transitions are also present at much lower
intensity. Higher laser powers revealed more of the weaker
structure and saturated the stronger structure. The smaller peaks
in the spectrum can be assigned to either one- or two-photon
resonant transitions originating from the ground a’D multiplet
of Fe. Very weak peaks are assigned to transitions originating
from the a’F states. Nearly all of the iron appears as Fe(a*D,).

The relative population of the various J states of Fe(a’D,) can
be estimated by assuming that the AJ = 0 transitions, for J =
0-4, are saturated at high, constant laser power, and the peak
heights represent the populations. The best fit of levels J = 14
to a thermal distribution corresponds to a temperature of 1200
K at typical, saturating laser powers of 4 mJ/pulse. The /=0
peak is always anomalously high, possibly due to the overlap with
the shoulder of the J = 1 peak.

Figure 3 shows the saturation behavior of the J” =4 — J' =
4 line. The low-power slope of 4.4 % 0.2 indicates a least four
photons are rate controlling for the combined process of disso-
ciation followed by ionization. This is understood as second-order
photon dependence for molecular dissociation, and second-order
photon dependence for the resonant two-photon atomic transition.
Saturation of the latter results in a slope of 1.8 & 0.3 at high
powers, controlled by dissociation.

351-nm Dissociation. The 351-nm + C440 two-color spectrum
shown in Figure 2b has many features identical with those of the
C440 single-color spectrum. Several new peaks detected can be
assigned to the resonances in Fe listed in Table I, resulting from
transitions driven by the visible radiation either following or
preceding transitions driven by the XeF excimer radiation.

Strikingly, the majority of the features do not increase when
351-nm radiation is added to the visible. Thus, most of the signal
results from the 440-nm radiation alone. The 351-nm radiation
with the photon intensities used in this study does not increase

(17) Corliss, C.; Sugar, J. J. Phys. Chem. Ref. Data 1982, [1, 135.
(18) Leutwyter, S.; Even, U_; Jortner, J. J. Phys. Chem. 1981, 85, 3026.
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TABLE I: Resonances in the Two-Color Ionization of Fe Involving
351/353-nm Excimer Radiation and the C440 Dye Laser
wavelength, nm transitions
442.87 a’*D; — 2'F, — ¢'G;
— °F,
had VJF‘
443.64 a’D, - 2'F, — ¢’D,
g stz
—y'D,
— ¢'G,
444.67 a’D, — 2'F, — t*D,
— u’Py
446.78 a’D, — z'F, — f°F,
44731 a’D, — Z'F, — ¢'D,
- PFZ
—y'D,
—¢'G,

the rate of ferrocene dissociation, nor does it produce new iron
states; it only provides additional possibilities for resonant iron
atom transitions.

248-nm Dissociation. Adding 248-nm radiation to that of the
C440 dye laser drastically changes the spectrum, as evident in
Figure 2c. Even low KrF excimer laser intensity (0.3 mJ/pulse)
generates new features that exceed the magnitude of the strong
a’D, — ¢°D, transitions. Furthermore, increasing the 248-nm
radiation increases the background ion signal. In addition, some
of the resonant transition ion peaks are actually diminished with
higher 248-nm intensities.

The resonant transitions of Fe (a°D, — x°F,, a°D; — x°F,)
within the KrF laser bandwidth deplete the ground multiplet J
= 4 and J = 3 level populations. This reduces the intensities of
the strong two-photon resonant transitions originating from these
levels. Additionally, the x°F levels ionize in the presence of the
strong 248-nm radiation, contributing the strong ionization
background. Finally, many of the new transitions originate from
higher iron states, particularly the a*P° multiplet.

The ionization background due to 248-nm radiation alone is
approximately first order with respect to the photon flux. This
is consistent with a mechanism that is saturated in all steps except
the first: absorption by ferrocene.

Mass Spectra of Product Jons. A mass spectrum of the
MPD/MPI products of ferrocene in the C440 dye region revealed
only Fe* ions when the pulsed molecular beam configuration was
employed, consistent with the work reported by Leutwyler et al.'®
In the static gas cell configuration, FeCp*, FeCp,*, and Cp~ were
observed as well, obviously resulting from secondary collisions.
Ion—molecule collisions have similarly accounted for a variety of
fragment ions from the MPI of Fe(CO);.!* The spectra of each
of the ions from ferrocene revealed a structure identical with that
of the Fe* spectrum, shown in Figure 2a. Fragment ions of the
cyclopentadienyl ring were not observed. In contrast to the MP1
study by Fisanick et al.,?® where no benzene was detected from
the photodissociation of Cr(CsHg), and Cr(CO),C¢Hj, ferrocene
has exhibited absorption by the cyclopentadienyl ring after flash
photolysis.? Mechanisms to account for the various ions detected
in this work presume the formation of the cyclopentadienyl free
radical from the dissociation of ferrocene. In the two-color
MPD/MPI spectra, the same product ions were observed as in
the single-color spectrum. The most likely exothermic ion-
molecule reactions are the following:

Fe* + FeCp, — Fe + FeCp,* )
Fet+ Cp+ M — FeCp* + M 2)
FeCp + ¢ — Fe + Cp~ (3)
Cp+e+M—-Cp +M 4)

(19) Whetten, R. L; Fu, K. J.; Grant, E. R. J. Chen:. Phys. 1983, 79,
899

4899.

(20) Fisanick, G. J.; Gedanken, A.; Eichelberger, IV, T. S.; Kuebler, N.
A.; Robin, M. B. J. Chem. Phys. 1981, 75, 5215.

(21) Thrush, B. A. Nature (London) 1956, 178, 155.
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The ionization potential is 7.871 eV for Fe.'” and 6.747 eV for
ferrocene.”> Thus the charge-transfer reaction 1 is exothermic
by more than 1 eV. From the relative intensities of the respective
ion peaks and considering the distance from the ionization region
to the detector entrance (2 mm) and the 7 mTorr of ferrocene,
the charge-transfer cross section is estimated to be on the order
of 3 X 10" em?.

Reaction 2 is the only exothermic reaction mechanism forming
FeCp* from a bimolecular collision. This association reaction
is only 0.35-¢V exothermic, derived from the FeCp* appearance
potential reported by Bar et al..>* and subsequent collisions of the
complex may serve to stabilize this product ion. lon-molecule
reactions involving Fe* with FeCp, or FeCp to form FeCp* are
endothermic by 3 and 1.3 eV. respectively, from Bar's** data. in
conjunction with the ferrocene dissociation energy reported by
Lewis and Smith.**  Kinetic shift effects associated with the
appearance potential measurement of FeCp™ in ref 22 cannot
compensate enough to make these reactions exothermic.

Electrons from the three-photon ionization of Fe at 447.5 mm
have less than 0.45 eV of kinetic energy* which permits two
mechansism for Cp~ forma.ion. Although dissociative electron
attachmer:t to ferrocene forming FeCp + Cp™ requires at least
1.7-eV electrons, either the dissociative attachment to FeCp. (3).
or the simple association reaction. (4). could account for the
negative ion formation. The CHj electron affinity is 2.21 eV**
and the energy to dissociate FeCp is also 2.21 eV.** thus reaction
3 can occur. Reaction 4 requires either a stabilizing collision or
a mechanism to convert the excess energy to vibrations in the C<H¢
ring in order to prevent detachment.

Discussion

The foremost question that results from this work is why fer-
rocene MPD is not aided by 351-nm radiation. Several possibilities
can be explored.

First, lack of absorption at 351 nm as an explanation may be
discarded. The absorption cross section®?" is lower by only one
order of magnitude from that at 450 nm, and it is unlikely that
the second photon absorption process would be forbidden by any
more than this. It should also be recognized that we have at least
an order of magnitude greater photon flux available at 351 am,
and that the dissociation at 351 nm would proceed ina 1 + |
process via a known absorption resonance. It is very unlikely that
ferrocene is unable to absorb two photons of 35i-nm radiation
in a two-step process.

One possibility may account for lack of iron production. The
ferrocene may quickly equipartition the 0.9-eV excess energy
among its vibrational modes. making this energy unavailable for
rapid dissociation. Thus, in the case of 351-nm radiation, an
RRKM unimolecular decomposition model may apply.

In the case of 351-nm radiation, with 0.9-eV excess energy, a
Kassel semiclassical approximation for the RRKM unimolecular
decomposition reaction rate is on the order of 10 s™'. Thus, the
decomposition by an RRKM mechanism may be too slow to
observe.

One reason a direct dissociation does not occur with 0.9-eV
excess energy is that no appropriate singlet energy surface occurs
at this energy in the Franck—Condon region. A direct dissociation
needs a repulsive electronic surface that correlates to the disso-
ciation products. In a prototype for photodissociation, alkali halide
A + X absorption'' occurs between the ionic ground state and
the covalent excited state. The dissociation causes a diffuse
absorption spectrum. Formally, we have a case of a predissoci-

(22) Bar, R.; Heines, T; Nager, C.; Jungen, M. Chem. Phys. Let1. 1982,

. 440.

(23) Lewis, K. E.; Smith, G. P. J. Am. Chem. Soc. 1984, 106, 4650.

(24) Nagano, Y.; Achiba, Y.; Sato, K.; Kimura, K. Chem. Phys. Lett.
1982, 93, 510.

(25) DiDomenico, A.; Harland, P. W_; Franklin, J. L. J. Chem. Phys.
1972, 56, 5299.

(26) Armstrong, A. T.; Smith, F.; Elder, E.; McGlynn, S. P. J. Chem.
Phys. 1967, 46, 4321.

(27) Sohn, Y. S.; Hendrickson, D. N.; Gray, H. B. J. Am. Chem. Soc.
1971, 93, 3603.
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Figure 4. Schematic correlation of the ferrocene states with the Fe +
2Cp dissociation products. The lowest repulsive singlet surface correlates

to the a*F, | S ¢V above dissocation threshold. Multiple curve crossings
to a°D and a'F repulsive states occur.

ation, since the A state adiabatic surface correlates to high energy
ionic products. However, dissociation occurs through a curve
crossing with the nearby X state that does correlate with the
correct neutral products. This predissociation occurs rapidly,®
and might best be viewed as a direct dissociation on a diabatic
surface that crosses over to the correct products.

Using this example, we may examine dissociation of ferrocene
in a new light. For rapid dissociation to occur, there must be an
adiabatic, or a diabatic, repulsive surface in the Franck—-Condon
region. Although the presence of the high nuclear charge iron
atom weakens the spin-selection rules, singlet-triplet photoab-
sorption processes are at least three orders of magnitude weaker
than corresponding singlet—singlet transitions. Thus to be strongly
photoactive, the appropriate surface is expected to be a singlet.
We notice from Figure 4 that the lowest atomic triplet is the a’F
state 1.5 eV above the ground a°D state. A singlet ferrocene
surface may correlate to a triplet iron plus two doublet cyclo-
pentadienyls, but not to a quintet iron plus two radicals. Thus,
the first repulsive singlet surface will be at least 1.5 eV above the
dissociation threshold. All these points taken together, we may
reach the hypothesis that the active repulsive singlet surface is
at least 1.5 eV above the dissociation threshold.

In support of this hypothesis, we note that the known MPD
processes rapidly producing iron, whether two photons of wave-
lengths shorter than 300 nm, or three photons shorter than 450
nm, all provide at least 1.5-eV excess energy. Two photons of
350 nm are insufficient.

It must now be remarked that the actual products appear
primarily in quintet states, in addition to appearance in triplet
iron states. Curve crossings such as those shown in Figure 4 would
have to be responsible. This is not unusual: the determination
of the activation energy barrier for ferrocene dissociation, and
thus the energy of dissociation of ferrocene itself, depends upon
a curve crossing rapid on the time scale of dissociation. The singlet
surface provides a terminal state for photoabsorption, and the
initial force for separation of the products; the subsequent curve
crossings provide access to the final product states.

In contrast to the case of too little energy, less than 1.5 eV,
the case of two 248-nm photons would provide ample energy for
dissociation, presumably on a higher singlet repulsive surface that
correlates to the a’F or another, higher triplet. Multiple curve
crossings provide ample possibilities of product states. Thus it

(28) London, F. Z. Phys. 1932, 74, 143.
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is likely that u number of product states would result, in agreement
with the large number of product states observed.

This hy pothests explains the observed facts: it differs from the
statistical hy pothesis of either RRKM or maximal entropy for-
mulations. The latter do not imply a rapid dissociation, and in
fact RRKM implies a relatively slow metastable dissociation. too
slow for the production of Fe on the nanosecond time scale.

Several experiments that would distinguish between statistical
and direct dissociation may be imagined. One that would be
Jdiagnostic would be the characterization of the recoil of the three
resulting fragments. A direct dissociation on a repulsive surface
would impart sigmificant kinetic energy to at least two fragments.
The large kinetic energy of the iron, demonstrated in the subse-
quent paper. supports this direct dissociation hypothesis.
Conclusions

The MPD products of ferrocene vary as amounts of excess
energy increase. With a small 0.9-eV excess, iron atoms are not
raprdly produced. With 2.1-e¢V excess, ferrocene rapidly disso-
crates, producing iron atoms in predominantly the ground a*D

multiplet. With 3.8-eV excess energy, not only is iron produced
rapidly. but the iron appears in a large number of electronic states.

With two wavelengths, the possible MPI resonances increase
in number, giving new structural features in an MPI spectrum.
248-nm excimer radiation has a strong resonance with a*D, and
a*D, states or iron, leading to efficient ionization via resonant MPD
of ferrocene and resonant MPI of iron. One result of this study
is that 351-nm radiation does not dissociate ferrocene rapidly and
248-nm radiation does not dissociate ferrocene cleanly. MPD
studies with better knowledge of the product Fe states would best
be performed using three photons of 440 nm or two photons of
300 nm.
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Atomic Iron Recoil in Multiphoton Dissociation of Ferrocene
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The transfational energy of atomic iron. produced by a three-photon dissociation of bis(cyclopentadienylliron (ferrocene),
has been measured by using the atomic multiphoton 1onization Doppler line width at 440 nm. The iron atoms have an appreciable
amount of recoil. indicating that the ferrocene dissociation process is nonconcerted and does not preserve a center of symmetry.
This 1s also evidence for a dissociation via one or more repulsive electronic states, rather than by statistical. unimolecular

decay of a hot ground state.

Introduction

Many organometallic compounds photodissociate upon ab-
sorption of light.! © This process can dominate their photophysics
in an intense laser radiation ficld. In one or several multiphoton
dissociation {MPD) steps. a central metal atom can shake off its
ligands, leaving it as a bure metal atom. In spite of relatively low
ionization potentials for many organometallic compounds, the rate
of this MPD often exceeds the rate of direct ionization of the
molecule by several orders of magnitude.®!*

The metal atoms are detectable by a subsequent resonant atomic
multiphoton ionization (MPI) event®'* Because resonant
multiphoton ionization can be extremely efficient, an overall
MPD/MPI process can dominate direct multiphoton ionization
of molecules. This is easily demonstrated in a wavelength scan
in a multiphoton ionization experiment: strong features corre-
sponding to wavelengths of atomic absorptions appear in the
spectra of organometallic compounds. Figure 1 shows this for
ferrocenc.

When the dissociating laser is not tuned to an atomic resonance,
this process of multiphoton dissociation of a volatile organometallic
compound can produce high (ca. 10'* cm™*) concentrations of
metal atoms in the gas phase. One may imagine a number of uses
for optically controllable, local production of high densities of metal
atoms. For example, metal mirrors may be plated onto surfaces
with micron resolution by multiphoton dissociation of metal al-
kvls.'® One goal of investigation into this MPD mechanism is
to determine how much control could be exercised over this process

* Present address: Department of Chemistry, University of Pennsylvamia,
Philadelphia, PA 19104

0022-3654/86/2090-2892%01.50/0

of metal atom production. One question immediately stands out:
What is the translational temperature of the metal atoms?
When the dissociating laser is tuned to an atomic resonance,
a strong ionization, characteristic of a particular element, is ob-
served. Atomic absorptions may serve as very sensitive analytical
markers for the presence of organometallic compounds containing
a given metal atom. We may envision MPD/MPI as not only
a qualitative, but also a quantitative analytical technique. As in
any quantitative atomic absorption technique, knowledge of the

(1) Eyber, G. Z. Phys. Chem. 1929, 144, 1.

(2) Thompson, H. W.; Garratt, A. P. J. Chem. Soc. 1934, 524.

(3) Thrush, B. A. Nature '/ ndon) 1986, 178, 155.

(4) Chou, M. S.; Cool, T. .\. J. Appl. Phys. 1977, 48, i551

(5) Jonah, C.. Chandra, P.; Bersohn, R. J. Chem. Phys. 1971, 55, 1903,

(6) Karney, Z.; Naaman, R.; Zare, R. N. Chem. Phys. Lett. 1978, 59, 33

(7) Mitchell, S. A.; Hackett, P. A.; Rayner, D. M.: Humphries, M. R J
Chem. Phys. 1988, 83, 5028.

(8) Leutwyler, S.; Even, U.; Jortner, J. Chem. Phys. Let1. 1980, 74, 11

(9) Leutwyler. S.; Even, U.; Jortner, J. Chem. Phys. 1981, 58, 409.

(10) Leutwyler, S.; Even, U.; Jortner, J. J. Phys. Chem. 1981, 85, 3026,

(11) Gedanken, A_; Robin, M. B.; Kuebler, N. A. J. Phys. Chem. 1982,
R6. 4096

(12) Fisanick, G. J.; Gedanken, A.; Eichelberger, IV, T.S.; Kuebler, N
A Robin, M. B. J. Chem. Phys. 1981, 75, 5215.

(13) Gernity, D. P.; Rothberg, L. J.. Vaida, V. Chem. Phys. Let: 1980,
74,1,
(14) Engelking. P. C. Chem. Phys. Letr. 1980, 74, 207.
(15) Duncan, M. A_; Dietz, T. G.; Smallcy. R. E. Chem. Phys. 1979, 44,
415,

(16) Deutsch. T. F; Ehrlich, D. J.. Osgood, Jr.. R. M. 4ppl. Phys. Lett.
1979, 35, 175.

© 1986 American Chemical Society




Fe Recoil in MPI of Ferrocene
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Figure 1. MPD/MPI spectrum of ferrocene in the 448-nm region.

line width is important to correctly match the excitation to the
sample. The line width is often dominated by Doppler effects,
and again we are led to the question of the translational tem-
perature of the metal atoms.

We have investigated the MPI/MPD of metallocenes and. in
particular, ferrocene.'* In this molecule, the organic ligands face
each other with iron between them to form a sandwich compound.
Although ample evidence?*!%1417 indicates that the initial products
of photodissociation in the gas phase are iron atom and cyclo-
pentadienyl radicals, the photodissociation of ferrocene is not
understood mechanistically. Ferrocene has no observable
fluorescence,'® and electronic excitation might quickly internally
convert to a hot ground state. The hot ground state might then
pyrolyze, following the unimolecular decomposition kinetics.
Another possibility is that ferrocene would lose two cyclo-
pentadienyl ligands in a concerted fashion, as in a repulsive
electronic state. Intermediate to these two scenarios is one of
sequential loss of ligands through a nonconcerted electronic
mechanism, such as established® for Cd(CH;),.

Each of these choices implies a different kinetic energy dis-
tribution for the resulting iron atom. Since the ferrocene molecule
has about 25 low-frequency vibrational modes, unimolecular
decomposition would result in significant partitioning of the excess
energy into vibrations, and only a small amount of translational
energy, perhaps only 1/25th of the total available energy, would
be expected to appear in iron atom recoil. In this manner, uni-
molecular decay would produce only a moderately warm distri-
bution of iron atom velocities. In contrast, if the dissociation
mechanism were totally concerted, so that a center of symmetry
would be retained, the iron atom would be at rest in the center-
of-mass system, and would have the velocity of the original fer-
rocene molecule. Thus, a highly concerted dissociation mechanism
would produce cold, possibly even refrigerated, iron atoms. In
striking contrast to cither of the above mechanisms, if the ferrocene
dissociates in a nonconcerted manner via electronically repulsive
states, most of the available energy could end up in translational
recoil. Since a nonconcerted mechanism no longer requires re-
tention of a center of symmetry, the iron could, possibly, receive
a large fraction of the available energy.

The remarkable cleanness of the photodissociation of ferrocene
into iron and cyclopentadieny! radicals, as observed in mass
spectrometry and electronic spectroscopy, aiready hints that the
dissociation is direct; at least, the dissociation does not occur by
pyrolysis from a tightly bound complex. If this latter were the
case, one might expect to find significant ring fragmentation of
the cyclopentadienyl rings to one, two, and three carbon fragments,

(17) Liou, H. T.; Ono, Y.; Engelking, P. C.; Moseley, J. T, J. Phys. Chem.,
preceding article in this issue.

(18) Sohn, Y. S.; Hendrickson, D. N.; Gray, H. B. J. Am. Chem. Soc.
1971, 93, 3063.
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or polymerization into ten carbon dimers of the two rings. The |

lack of either few carbon or ten carbon fragments in either the
positive or negative ion mass spectra in the presence of an
abundance of cyclopentadienyl radical ions indicates a dissociative
mechanism that preserves the ring integrity. This is not always
the case for multiphoton dissociation of either organic or or-
ganometailic compounds. For example, benzenes and amines are
known to extensively fragment under MPI conditions,'® and this
has been interpreted as a highly statistical process involving one
or more “hot” intermediates. Likewise, benzene—chromium
compounds have been shown to involve benzene ring fragmentation
upon MPD.""'? From this chemical information, we have already
an indication that the dissociation of ferrocene does not involve
a pyrolysis of two tightly bound cyclopentadienyl ligands.

This chemical evidence does not rule out a more gentle uni-
molecular decomposition, one that preserves the ring iniegrity,
but still procedes through a hot ground state. Ferrocene pyrolyzes
primarily by whole ring elimination,” and a relative, nickelocene,
has been found to be the reagent of choice for producing cyclo-
pentadienyl radicals cleanly under flash vacuum pyrolysis con-
ditions.>' Thus. chemically, it is not possible to rule out a hot
unimolecular decomposition as the mechanism of ferrocene
photolysis. We need another way to decide between the three
alternatives presented above.

in the experiments which follow, the total available energy will
be about 2 eV, and the iron is observed to acquire an energy that
is a significant part of this. The velocity distribution is charac-
teristic of a temperature more than an order of magnitude above
that of room temperature. Thus, measurement of the iron recoil
velocity allows us to choose between various dissociation mech-
anisms, and to decide that the dissociation is nonconcerted, via
an electronically excited state.

We have investigated the iron atom recoil in the MPD of
ferrocene by monitoring the Doppler line widths of the atomic
iron, multiphoton ionization resonances. Although we do not know
of previous studies using multiphoton ionization to probe the
resonance Doppler profile of a species to obtain translational
velocity information, the use of Doppler profiles of laser-induced
fluorescence is now well-known.?'"24

Some caution must be exercised in using resonant MPI to
determine Doppler velocities. It must be ensured that the tran-
sitions are not broadened by other, electrodynamic effects, such
as lifetime broadening or dynamic Stark shifts. Some of the causes
for broadening have been pointed out or caiefully studied: lifetime
shortening,? reversals,? ac Stark shifts,?” and recoil.2® This work
gives enough guidance to make a proper choice of transition for
the investigation of the Doppler profiie.

If a one-photon resonance is followed by a two-photon ioni-
zation, the weakness of the latter, nonresonant, multiphoton process
requires such high fields that the one-photon resonance is strongly
overdriven and dynamically broadened, preventing its use for
investigation of the Doppler velocity profile. We have chosen
instead a two-photon resonance followed by a one-photon ioni-
zation. In this case, the danger is that the upper two-photon
resonant state will be lifetime broadened by the rapid ionization
by the subsequent one-photon absorption. Thus, it will be nec-
essary to investigate the laser power dependence of the observed
line profiles. Nevertheless, this 2 + | scheme offers the best
possibility of applying MPI to Doppler profile measurements and

(19) Bernstein, R. B. J. Phys. Chem. 1982, 86, 1178.

(20) Hedaya, E. Acc. Chem. Res. 1969, 2, 367.

(2t) Welge, K. H.; Schmiedl, R. In Laser Induced Processes in Mclecules,
Kompa, K. L., Smith, S. D., Eds.; Springer: Berlin, 1979; p 186.

(22) Jhon, M. S.; Dabler, J. S. J. Chem. Phys. 1978, 69, 819.

(23) McDonald, J. R; Miller, R. G.; Baronavski, A. P. Chem. Phys. Lett.
1977, 51, 57.

(24) Drozdoski, W. S.; Baronavski, A. P.; McDonald, J. R. Chem. Phys.
Let1. 1979, 64, 42).

(25) Johnson, P. M. Acc. Chem. Res. 1980, 31, 20.

(26) Rothberg, L. J.; Gerrity, D. P.; Vaida, V. J. Chem. Phys. 1981, 75,
4403,
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. avoiding the myriad of other well-known effects that cause line

broadening of MPI resonances. In fact, this 2 + 1 scheme is the
very basis for a proposed secondary wavelength standard at the
1-MHz level of precision.?-%

All line widths and frequencies will be reported at fundamental,
one-photon wavelengths. The linear scaling of the Doppler shift
with frequency allows us to analyze the velocity shift at the
fundamental laser frequency, while the actual two-photon reso-
nance has the Doppier shift of twice this magnitude at the energy
of twice the laser frequency. To avoid any confusion, all line
widths and shifts will be reported as observed, at the fundamental
laser frequency.

This fact, that the resonance is at twice the laser frequency and
occurs as a two-photon process, is possibly to our advantage in
relaxing the constraints placed upon the line width of the laser
used to probe the iron atom Doppler profile. Ideally, if one
assumes that the fluctuations at one frequency are uncorrelated
to fluctuations at another, the laser profile at the fundamental
frequency should be convolved with itself to give the effective
two-photon profile at twice the laser frequency. If a Gaussian
profile is assumed, the effective width is (2)'/* times broader than
the original Gaussians. Projecting this back to the fundamental
frequency of the laser, one finds that this appears as a width of
(2)7'/2, about 30% narrower than the original laser line profile.

It is not wise to depend upon this narrowing. Elliot et al.}!-3
have carefully investigated experimentally the two-photon ab-
sorption widths for various types of laser fields. They show that
if the laser fluctuations are temporally correlated across the laser
frequency profile, the two-photon absorption width can be sig-
nificantly broader than that given by convolution, which assumes
an uncorrelated laser spectrum. This is in accord with the models
of Mollow,’* Agerwal,** Alber and Zoller,** Zoller and Lam-
bropolous,’® and Yeh and Eberly,’” who find that generally, for
an n-photon absorption by a “chaotically” amplitude modulated
single frequency mode, the width is n times that of the laser. At
the frequency of the laser, it appears to have the width of the laser
itself.

We have observed two-photon resonances in other systems, such
as NO, that are significantly narrower than reported here, and
confirm that the laser-limited two-photon line widths are narrower
than we require, and that these rather special temporal correlations
do not give anomalously wide two-photon absorption profiles here.
To be conservative, we will assume that the limiting two-photon
absorption is twice the fundamental line width, appearing as the
laser width itself at the laser fundamental, and we will not rely
upon the thirty percent narrowing expected for a totally un-
corrrelated Gaussian frequency spectrum.

Experimental Section

The iron atom recoil is monitored by measurement of the
Doppler line profile of a two-photon resonance, a’D—e°D,, fol-
lowed by a nonresonant single-photon ionization of the e’D, state.
The iron atoms are generated in the multiphoton dissociation of
ferrocene in a three-photon dissociation, using the same 447.65-nm
radiation that probes the iron atoms.

The experimental setup has been described in ref 38. Briefly,
two parallel stainless-steel plates, supplied with a difference in
potential of 200 V. collect the total ions in a static cell at 100-mtorr
pressure. Slow pumping removes reaction products.
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Figure 2. A line profile of the Fe a*D,—*D, resonantly enhanced MPI
signal at a moderate power level. A 6.67-GHz free spectral range etalon
calibrates the laser frequency. The laser line width is about 3 GHz. The
10-GHz broadening results from both a Doppler component, observable
at low powers and a Lourentzian, power-dependent component. At this
power, the Lorentzian dominates. The asymmetry is ascribed to a
weaker, nearby transition, at about 26 GHz on this scale.
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Figure 3. A plot of observed line width vs. laser intensity. The laser
energy varies between 0 and 8 mJ per pulse, weakly focused with a long
focal length lens. Two components contribute to the line width: a low
power residual width from the convolution of the laser line with the
Doppler line shape, and a power broadening component. The combined
effect gives an almost linear power dependence.

A laboratory computer accumulates data (ionization current
vs. wavelength), monitors the laser intensity, and records the
intensity pattern of a transmission etalon. The 6.67-GHz free
spectral range of the ctalon transmission calibrates the wavelength
scan of the laser.

The laser oscillator’s configuration is similar to that of Chang
and Li.®? We maintain stable operation and easy alignment by
replacing the total reflector end mirror with a wedge output
coupler® rather than using the grating for output. Maximum
energy of the laser after one stage of amplification is 8 mJ per
pulse, with a stable, power-independent line width of 2.93 GHz.

At resonance, the MPI signal shows a roughly fourth-order
power dependence, which becomes roughly second order at high
powers. This is consistent with our previous work in ferrocene.!”
At low powers, the fourth-order dependence corresponds to sec-
ond-order dissociation and second-order MPI; the ionization of
the excited iron atom is saturated. At high powers, the dissociation

(39) Chang, T.; Li, F. Y. Appl. Opt. 1988, 19, 3651.
(40) Lumonics, Ltd., [0S Schneider Rd., Kanata, Ontario, Canada.
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Fe Recoil in MPI of Ferrocene

Figure 4. Theoretical model of the line shape assuming equipartition of
2.1 eV into recoil of three fragments Fe + 2Cp  Compared 1s the line
profile of a Gaussian distribution of the same width. The three-bodv
equipartition line shape lacks the wings exhibited by the Gaussian

1s saturated. At any given power level, the signal is proportional
to the amount of iron produced in the a*D, state by dissociation.

To obtain the MPI line shape. the laser wavelength is scanned
over the entire resonant transition by tuning the grating. This
is repeated at various laser powers. The results of one run at one
laser intensity are shown in Figure 2.

Results

Figure 3 shows a plot of multiphoton ionization line width vs.
laser intensity. Two effects are observable. First, the intercept
at zero laser power is significantly wider than the line width of
the probe laser, which was 2.93 GHz. Second, although the laser
line width does not vary with the laser power (as confirmed by
measurement using an etalon), the multiphoton ionization line
width does vary with power.

The broadening of the muitiphoton ionization resonance at low
laser intensities is attributed to the Doppler effect of the iron recoil.
The laser line width was measured to be 2.93 GHz. When this
is deconvoluted from the observed intercept width of 6.0 + 0.8
GHz, a resulting width of 5.2 + 0.8 GHz remains. The half-width
corresponds to a velocity representing 0.4 & 0.1 eV of energy in
the iron atom motion. The average cnergy of the iron atoms,
assuming an isotropic velncity distribution, is 0.7 £ 0.2 eV. Thus,
it is immediately evident that the iron atoms have a significant
amount of translational energy imparted to them by the disso-
ciation event.

The increase in line width with laser power reflects the expected
power broadening of the nultiphoton event. The two-photon
resonance a°D,-e’D; is followed by very rapid one-photon ioni-
zation. This rapid ionization of the e°D, state causes lifetime
broadening. (The power dependence of this process is second-order
overall, explained by a rate-limiting two-photon resonance followed
by a rapid. one-photon ionization.) A moderate ionization cross
section of 1072 cm2 for the ¢’D, state is consistent with this
magnitude of lifetime broadening of the ¢°D, state.

Another piece of evidence points to lifetime broadening as the
cause of the power dependence of the line width. Lifetime
broadening would appear as a Lorentzian component to the line
shape. A rough deconvolution of the line shape into a Gaussian
and a Lorentzian (based on the Voigt profiles given by Davies
and Vaughn*!) shows a broadening of the Lorentzian component
with laser power, while the Gaussian component remains constant.

This analysis also shows that the intercept of the Lorentzian
component at low powers is negative, while the constant Gaussian
Doppler width is too large. These spurious effects, produced by
forcing the line shape to a Voigt profile, can be accounted for by

(41) Davies, J. T.; Vaughn, J. M. Astrophys. J. 1963, 137, 1302.
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an tron veloctty protile that has less intensity inoats wings than
A Gaussian would have

Discussion

The dissociation threshold of ferrocene into two radicals and
atomic 1ron occurs ot about 6.2 ¢V.# Thus, with three photons
of 4475 nm (8,31 ¢V), 2.1 ¢V 1s available for dissociation. [If all
of this energy appeared in translavion. the maximum energy
avalable to the tron, based on energy and momeniuni consider-
ations, would be 1 4% eV

If the energy available for dissociation ts equipartitioned into
sotropie recotl of Fe and cyclopentadienyl fragments, the line
shape should have the form (x° - x7,,)°. where v = frequency
shift, and x, = 3.1 GHZ. The fwhm for a F'ne of this shape
is 1.08 a,,, or. in this case, 5.5 GHz. This should be compared
to the Doppler line width observed here: $2 £ 0.8 GHz. Thus,
the line widths observed here are consistent with most of the excess
energy appearing in recoid of the fragments and with very little
correlation of the direction of recoil of the two ligands.

Another way of looking at this energy partitioning is 10 rec-
ognize that of the 2 1 eV s divided up among the three almost
equal mass frugments, Fe + 2Cp, one third, or 0.7 eV, should be
allotted each fragment on the average. This agrees with the
average energy of 0.7 £ 0.2 ¢V we obtain assuming an isotropic
Fe recoil.

The maximum caergy restriction leads to the observed line
shapes. Comparison of an equipartition line shape to that of a
Gaussian of the same width reveals that the Gaussian would have
an intensity of 0.1 at x.,,. Thus, energy and momentum re-
strictions cut off the wings of an otherwise Gaussian distribution
and appear to square up the line profile. This corresponds ap-
proximately to what is observed.

The actual magnitude of the line width must not be over in-
terpreted. We have assumed ejection of iron nonpreferentially
with respect to the direction of light propagation but have not
demonstrated this. This unknown angular dependence has pre-
vented us from carefully analyzing the line shapes to extract the
details of the iron atom energy distribution. We can, however,
remark on the overall nature of the angular distribution, and put
some bounds on its asymmetry. If the iron were preferentially
ejected along the polarization axis, perpendicular to the light
propagation direction, we would severely undercount the fast iron
atoms. Since we actually observe close to the maximum available
energy for translation, this cannot be the case. Instead, it is
possible that iron is ejected preferentially perpendicular to the
polarization axis. In this case, we would have overestimated the
population of fast iron; in the extreme, we would have overesti-
mated the energy width by a factor of about two.

The large amount of kinetic energy observed in this experiment
correlates well with the total amount of excess energy available
in a three-photon (two + one) absorption, as calculated from the
dissociation energy of ferrocene of 6.2 eV.*> This number has
recently been questioned, as discussed by Bar et al.® They
rationalize that the dissociation energy could be as high as 7.8
eV. Yet, this would be inconsistent with the amount of kinetic
energy release we observe, and we view this unlikely. Thus, this
work is consistent with a ferrocene dissociation energy of about
that others report: 6.2 eV.

We should also point out what this experiment does not prove.
It is not yet established whether the third photon is absorbed before
or after second ligand departs. On the face of it, our evidence
for a nonconcerted mechanism might be taken to indicate that,
after the first two photons are absorbed, partial dissociation occurs,
in which one ligand departs. Based upon a simple, additive model
of bonding, we might imagine that each ligand has 6.2/2 = 3.1
¢V bond energy, and two photons might strip off one ligand. There
is yet little evidence to support this.

(42) Muller, J.; D'Or, L. J. Organometal. Chem. 1967, 10, 313. Wilkin-
son, G.; Pauson, P. L.; Cotton, F. A. J. Am. Chem. Soc. 1984, 76, 1970.
Conner, J. A. Top. Current Chem. 1977, 71, 72.

0 (3(), Bar, R.; Heines, T.; Nager, C.; Jungen, M. Chem. Phys. Let:i. 1982,
1, X
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Bondtng in organometallic compounds is not additve the
removal of the first ligand requires much more energy than the
remanal of subsequent higands  This s seea in the relative bond

strength n carbonyis and in the relative bond strengths of

metadlocene cations ¥ In the ferrocene cation. appearance po-
tentuals* " indicate 1 takes five o fifteen times as much energy
to remave the first heand as 1t does 1o remove the second tigand,
which may have o bond strength as low as 4 third of an ciec-
tromvoit’ In ferrocene selt. this disparity of bond strengths s
dlso expected, stnee the neutral jron with two higands has a
te e ) d electron contiguretion. while the metal with only one
ingand has aoceo®ta e ) deelectron configuration. Remova)
of one higand requires the promotion of an electron This is the
reason that the soelectronic vobaltocene cation, with the same
electronte configuration, has the highest tirst ligand dissoctation
energs of all the first transition-metal-row metallocene cations
T8 eV T Perrocene pyrobvsis hinetios™ suggests an energy for
sy of 1 single ligand by ground-state ferrocene of 4.0 eV, implving
1 second ligand dissociation energy of 2.1 ¢V Thus, for the
ferrocene ground state, the first dissociation requires almost twice
a~ much energy as the second While numerically this implies
that there 1s thermochemically enough energy in twao photons to
remove one ligand from ground-state ferrocene, it is not vet
demuonstrated that this dissociation of photoexcited ferrocene will,
i tact. oceur before absorption of an additional photon. Thus,
118 guite possible that the kinetics require absorption of all three
photons before any dissociation actually occurs.

Finally. this work shouid be placed in the context of what is
already known about photodissociation.  As in a direct photo-

(44) Fngelking, P C . Lineberger. W C. J Am. Chem Soc 1979, /01,
2569

A5 Cans, M Lupin, M S dde Organometal Chem. 1970, 8, 211

1461 Puttermans. | P Hanson, A [ng. Chim. (Brussels) 1971, 53,17

dissociation such as llustrated by CH L into CH .+ | studied by
Rilev and Wilson*” most of the energy partitioning s into
translation. rather than into vibrations. This is taken as evidence
that the dissociation oceurs by excitition to a4 steep. dissociting
clectronie surface, on which dissociation tahes place without
sigmficant time for equipartinoning the energy into various internad|
maodes of the fragments. Rapid photodissocistion of metal afkyls
hao also been observed: Jonah et al ™ and Tamir et al * have
mmvestigated the angular distributions of the three fragments of
CdeCHy)s Significant anisotropies of all fragments are obsenved
This would be inconsistent with a4 simple unimolecular decay
madel, and these authors find their results consistent with & model
that rapidiy ejects the two ligands, not together, but in rapid
succession. [t is this type of model that we also favor for the
dissociation of ferrocene.

Conclusion

Ferrocene undergoes multiphoton dissociation 1n a nonconcerted
manner that efficiently delivers recoil energy and momentum to
the central iron atom. The Doppler width of the atomic ab-
sorptions is predicted by a simple model assuming equipartition
of the excess energy among the translational degrees of freedon,
These resuits point 1o a dissociative mechanism via repulsive
electronic states.
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